With the increased interest in the possible adverse health effects attributed to inhalation of fine particle matter, this study was conducted to gather preliminary information about workplace exposures at coal-and gas-fired power plants to fine particles (PM 1 ; i.e. <1 mm) and ultrafine particles (i.e. <0.1 mm). Combustion of fossil fuel is known to produce fine particles, and due to their proximity and durations of exposure, power plant workers could be a group of individuals who experience high chronic exposures to these types of particles. The results of a series of real-time instrument measurements showed that concentrations of PM 1 were elevated in some locations in power plants. The highest concentrations were in locations near combustion sources, indicating that combustion materials were leaking from conventional fossil fuel-fired boilers or it was associated with emission plume downwash. Concentrations were the lowest inside air-conditioned control rooms where PM 1 were present at levels similar to or lower than upwind concentrations. Microscopic examinations indicate that PM 1 at the coalfired plants are dominated by vitrified spheres, although there were also unusual elongated particles. Most of the PM 1 were attached to larger coal fly ash particles that may affect where and how they could be deposited in the lung.
INTRODUCTION
Ultrafine particles (UFPs) are defined as having a diameter between 1 and 100 nm, and fine particles (PM 1 ) are ,1 lm (Donaldson et al., 2005; Sioutas et al., 2005) . A common source of these particles in the environment is combustion of fossil fuels, such as coal, oil, gasoline, diesel fuel, and natural gas (NIOSH, 2009) . Few published data exist concerning the types and concentrations of PM 1 in workplace environments at power plants where workers are likely exposed to combustion by-products on a routine basis. The U.S. Environmental Protection Agency (USEPA) has been examining the role of PM 1 and UFPs in adverse health outcomes for many years (Young et al., 2010) . UFPs have been shown to produce unusual oxidative stress on biological systems, and these small particles can penetrate tissues that larger particles cannot (Li et al., 2003) . There is a growing body of data indicating that elevated exposures to fossil fuel-related UFPs and PM 1 may be having adverse effects on the cardiovascular system (Samet et al., 2009 ). The mechanisms of this possible action are unclear but may be related to nerve impulses to the heart tissues. Epidemiological studies have also observed associations between episodes of high-particle matter and cardiovascular morbidity and mortality, especially in individuals considered to be highly susceptible (Pope et al., 2004) . Technological advances have made it possible to measure the presence and characteristics of suspended fine particles (e.g. PM 1 and smaller) in environmental settings (Young et al., 2010) . This capability includes real-time analyzers, as well as devices that can capture PM 1 and smaller particles for subsequent laboratory analysis (Marple et al., 1991) . Others have conducted detailed chemical and morphological studies on coal fly ash (CFA) from laboratory-combusted material (Yuanzhi et al., 2005) , but no other published studies have examined this issue in actual power plant workplace settings. A variety of other studies have been conducted at workplaces where combustion-related UFPs may be present (U.S. EPA, 2010) . This study was designed to be an initial data-gathering study at common operating power generation plants within the USA.
The study was conducted at three power plantstwo multi-unit coal-fired power plants that employ hundreds of workers each and one modern multiunit gas-fired turbine facility that employs a small number of employees ($40 workers). At each plant site, real-time analyzers were used to map airborne PM 1 at typical work locations. These included particle counts using a condensation particle counter for particles between 20 and 1000 nm, particle counts using an optical particle counter (500-1000 nm), and particle surface area per unit volume of air for both the tracheobronchial and the alveolar-size range for particles between 10 and 1000 nm using a portable real-time monitor. Counts of particles in the range 20-500 nm were estimated at two sites by combining the results from the condensation particle counter and the optical particle counter to determine the concentrations of particles in the size range 20-500 nm, as compared to slightly larger particles (e.g. between 500 and 1000 nm). At the coal-fired plant that showed some of the highest particle counts, efforts were made to collect PM 1 using a cascade impactor, with a variety of analytical procedures conducted to aid in characterizing the collected particles, such as elemental analyses, morphological assessments, and surface charge.
METHODS

Power plant selection and measurement locations
Given the novel nature of this study, and the unknown effects of fuel types and power plant characteristics on the presence, morphology, and chemical composition of suspended PM 1 , three different power plant types were visited: two coal-fired multi-unit plants and one multi-unit natural gas-fired facility. These power generation plants were selected because they represent a significant fraction of the base-load power generation within the USA, and where thousands of workers are employed that could result in some level of PM 1 exposure. We were given access to two coal-fired power plants: one in the US Midwest with multiple balanced draft boilers (i.e. pressure within the combustion chamber was not significantly different from atmospheric pressure) burning US Midwest-mined bituminous coal and one in the US Southwest with multiple positive pressure boilers, burning a lower grade of Southwestmined sub-bituminous coal. Positive pressure boilers have a higher probability of leaking combustion emissions into work areas as compared to balanced draft boilers. Balanced draft boilers are also known to leak some combustion gases into areas frequented by workers, and at the Midwest plant, the boilers were enclosed within an outer structure, which could allow emissions to accumulate, as compared to the Southwest plant where the boilers were not enclosed. The third power plant was located in the western USA, and this facility was a natural gas-fired combined cycle turbine facility that was relatively modern (,5 years old) as compared to the coal-fired plants, which were .20 years old. The major components of this gas-fired facility were not enclosed. Table 1 summarizes the features of the three power plants that were included in this study. At each of the power plants, real-time airborne particle measurements were taken at plant locations where workers were likely to be present during common maintenance tasks that are performed while power generation is occurring. These measurements were also taken at offsite upwind locations to aid in understanding the background levels of the PM 1 that may be present. These general plant work locations were grouped as follows:
Turbine building: this area is typically separated from the boiler structure, and it encompasses the steam turbines and ancillary equipment. At Plant Site 2 (equipped with balanced draft coal-fired boilers), this building was contiguous with the boiler structure, but it was separated by a wall and sets of access doors. Boiler: these are multi-floor structures that are intermittently populated by workers when the boiler is operational. The coal-fired boilers studied at Plant Site 1 were operated under positive pressure (i.e. pressure within the boiler is higher than ambient pressure, often resulting in leaks of combustion gases and particles) and were not enclosed, while the coal-fired boilers at Plant Site 2 were balanced draft (i.e. pressure inside the boiler was similar to ambient pressure) and were enclosed. At one of the coal-fired plant, one of the two boilers was shut down for repairs, and particle measurements were obtained inside the boiler as maintenance work was conducted. Control rooms: these include the main control rooms and control rooms at locations such as the baghouse building and the ash loading area. These control rooms are equipped with airhandling systems that provide filtered ventilation, heating, and cooling. Fly-ash areas: these are present at the coal-fired plants and include work areas inside ash hopper areas (i.e. areas under electrostatic precipitators and baghouses), ash silos, and truck or rail-car filling stations, as well as inside isolated cells of electrostatic precipitators and baghouses that have been taken out of service due to maintenance or repair activities as the boiler remains operational. These areas were expected to be dusty from the presence of fly ash but to have limited levels of other combustion by-products present. Yard and ancillary structures: yard areas are outdoor locations that surround the boiler structures and turbine and ancillary buildings; some areas are used for storage and are where cooling towers are situated. The two coal-fired plants also had limestone-processing buildings that were associated with flue-gas desulfurization. Upwind locations: to gather information about PM 1 -sized particles that were unrelated to the power plant activities, a series of measurements were taken at locations upwind (e.g. 8-16 km) away from the power plant sites. Other locations: this includes locations inside maintenance shops and near active welding locations (Plant Site 2).
Multiple particle measurements were taken at many locations and on different levels of the boilers and other areas where workers may be present. Locations near the boiler were expected to have the highest concentrations of PM 1 because combustion by-products routinely leak from these structures. Occasional maintenance outages afforded opportunities to take measurements inside structures; measurements were taken inside primary baghouses, inside electrostatic precipitators, and inside the boiler combustion chamber. During maintenance outages, these areas can be occupied by many workers (e.g. 5-50 workers) performing clean up of collected fly ash and other maintenance work that can generate airborne dust.
Real-time measurement methods
At each location selected for particle measurements, the following protocol was followed: (i) two measurements were taken with the TSI AeroTrak 9000 Nanoparticle Aerosol Monitor for tracheobroncial-size particles reported as surface area per unit volume; (ii) two measurements were taken with the same device for alveolar-size particles as surface area per unit volume; (iii) four measurements of particle counts were taken using the TSI Ptrak Ultrafine Particle Counter as particles per liter; and (iv) four measurements were done with an ARTI model HHPC-6 laser optical particle counter as particles per liter. (Note that the optical particle counts were conducted at Site 1, which had positive pressure boilers, and Site 3, which had the natural gas-fired turbine facility). These instruments were used because of their ability to measure important parameters related to small suspended particles, as well as the fact that they are portable and easy to use in a variety of work environments. The three different instruments that were used for these particle counts and surface area measurements were calibrated prior to use in this study by the equipment manufacturers. The calibration procedures include an internal electronics integrity verification and challenge to a known atmosphere of suspended particles that was verified using a reference particle counter. In the field, each device was placed on a tripod such that the inlet was positioned $1.5 m above the floor surface. The instruments and their measurement capabilities are described below.
UFP counter. Particle counts, in units of particles per cubic centimeter of air (p cm -3 ), were measured using a TSI PTrak Ultrafine Particle Counter, Model 8525 (TSI Incorporated, Shoreview, MN, USA). The nominal airborne size ranges that the instrument detects are 20-1000 nm, at concentrations ranging from 1 to 500 000 p cm -3 . For our study, four consecutive measurements were taken at each location, and the duration of each measurement was 3 min.
Optical particle counter. An optical particle counter was used to determine the concentration of airborne particles in five different size ranges. An ARTI model HHPC-6 hand-held six-channel optical particle counter (Hach Ultra Analytics, Loveland, CO, USA), with cut points at 0.5-0.7, 0.7-1.0, 1.0-2.0, 2.0-5.0, 5.0-10.0, and .10 lm, was used. Four measurements were taken at each location, 3 min each, and at the same time that the P-Trak measurements were taken. Concentrations of particles in sizes from 20 to 500 nm could be estimated by computing the difference between the concentrations determined by the P-Trak device (which measured particles in the size range of 20-1000 nm) with those of the HHPC optical counter in the two smallest size ranges of 0.5-0.7 lm and 0.7-1.0 lm channel modes. This technique has been used by other investigators (Schmoll et al., 2010; Young et al., 2010) . This computation has been suggested by NIOSH (NIOSH, 2009 ) and used in other nanoparticle studies as a way to estimate concentrations of small suspended particles (Peters et al., 2009) .
UFP surface area monitor. Particle surface area per unit volume of air, in units of square micrometer per cubic meter, was measured using a TSI Aerotrak 9000 Nanoparticle Surface Area Monitor (TSI, Shoreview, MN, USA). The manufacturer of the instrument reports that the effective size measurement range of the instrument is between 10 and 1000 nm, and the measurement range is 1-2500 lm 2 cm -3 for the tracheobronchial size range and 1-10 000 lm 2 cm -3 for the alveolar-size range. Collection and analysis of UFP matter. Suspended particles were collected at three locations at one power plant where the direct reading instruments indicated the presence of an abundance of such particles and where workers are present during certain maintenance or operational duties. An MSP Corporation three-stage micro-orifice uniform deposition impactor (MOUDI) was used for this phase of the project (Model 100-10-1-0.1, MSP Corp., Shoreview, MN, USA). This device was obtained with three size cut points-10, 1, and 0.1 lm-with an after-filter stage (also known as the backup filter). It was anticipated that particles ,0.1 lm would be collected selectively on the after filter. As recommended by the manufacturer, a 47-mm diameter polycarbonate membrane filter with 0.8-lm pores was used as the collection medium for the upper stages, with a 47-mm diameter polycarbonate filter with 2.0-lm pore size as the after filter (Whatman Cyclopore part numbers 7060-2508, 0.8 lm and 7060-4711, 2.0 lm). Other studies have shown that a 2.0-lm pore-sized filter is effective in collecting particles as small as 10 nm (Fujitani et al., 2006) . Air was passed through the assembled impactor using a GAST model 0323 vacuum pump. As instructed by the manufacturer, airflow through the impactor was set for 30 l min -1 , with the airflow calibrated using a DryCalÒ primary standard calibration device and monitored with a Magnehelicä pressure differential gauge. A total of three samples were taken at Plant Site 1 (positive pressure coal-fired boilers), each for a duration of 4-6 h. Two samples were collected adjacent to the positive pressure boiler where the real-time analyzers showed the highest concentrations of PM 1 : one sample near a soot blower (designated as SB) and the other near the coal injector (CI) area of the boiler. The third sample was taken outdoors at the ash transfer and loading (AT) area where diesel trucks were idling as they were being loaded with fly ash.
Because it was later determined that a significant number of particles .0.1 lm were collected on the after filter during the initial sampling efforts, another set of air samples was collected from Plant Site 1 at a location immediately adjacent to the boiler, near a soot blower. During this second sampling effort, aluminum foil coated with a thin layer of silicon grease was used on the upper levels of the cascade impactor in an effort to reduce the potential for particle bounce. The same after filter (i.e. 47-mm diameter polycarbonate with 2.0-lm pores) was used. All other sampling parameters remained the same.
A section of each of the three after filters (soot blower, coal impactor, and ash transfer) was prepared and analyzed by scanning electron microscopy (SEM). Imaging and elemental analysis were performed using a conventional Everhart-Thornley detector and Oxford energy-dispersive X-ray spectroscopy system attached to the SEM. After an area of interest was found, the energy-dispersive X-ray spectrum was recorded from a spot or local region ($1 to 2 lm in width, which was selected based on the abundance of particles in this size range) at a 20 kV accelerating Gas-fired power plant work areas 185
voltage with a stationary electron probe. The spectrum was analyzed to identify component elements. These analytical methods provide a broad spectrum elemental analysis.
To help determine whether the particles would likely be attracted to or repulsed from one another, surface charge was measured in each of the collected air samples. Each sample was extracted into a bath of ultra-pure water and then sonicated for 30 s. The surface charge of the particles was measured using a Malvern ZetaSizer Nano ZS instrument, which provided Zeta potential measurements as representations of surface charge. Zeta potential indicates the degree of repulsion between adjacent, similarly charged particles in a dispersion. The magnitude of the measured zeta potential is in units of millivolts. Zeta potential of colloidal systems of 25 mV is considered to be a criterion that separates low-charged surfaces from highly charged surfaces (Zhang et al., 2008) . The collected particle suspensions were filtered through a 0.45-lm pore size filter, followed by a 0.22-lm pore size filter. The filtrate was then analyzed by using a Malvern ZetaSizer Nano ZS electrophoretic light-scattering instrument.
RESULTS
Real-time measurements
The results of particle count measurements are summarized in Table 2 . There was considerable variability in particle count concentrations for particles in the 20-to 1000-nm size range. The highest concentrations were consistently found at work locations adjacent to the boiler structures at both the coal-fired power plants, confirming the observation that some combustion emissions occur from these structures. The lowest particle count concentrations were measured inside the control rooms, which have mechanical HVAC (heating, ventilating, and air conditioning) systems with common pleated furnace filters. Even these simple filtration systems seem to be effective at reducing indoor PM 1 concentrations. Observations of lower PM 1 concentrations in indoor locations have been reported by others (Peters et al., 2009 ). The lowest PM 1 concentrations at non-control room locations at these power plants were found at the natural gas-fired power plant. This finding is expected given the young age of the facility ($5 years) and the type of combustion process (gas turbine). During the survey of this gas-fired plant, it was apparent that there was limited opportunity for combustion emissions to occur that would affect the work atmosphere. The emission stack at this plant was much shorter than those of the coal-fired plants, so the potential for some downwash of combustion emissions was a possibility. The particle count concentrations are grouped by location, and where there are a sufficient number of measurements, the distributions have been tested to determine whether a statistical distribution exists. This was tested using the U.S. Environmental Protection Agency ProUCL software, which tests the grouped data to determine the goodness-of-fit to normal, lognormal, or gamma distributions. The distributions of the particle counts revealed mixed results, with most groupings showing no discernible distribution by this method. Graphical representations of the mean particle count concentration measurements at each sampling location are shown in Fig. 1a ,b. The trend in particle count concentrations at the coal-fired power plants is boiler . fly-ash area . turbine building . control room . upwind. At the gas-fired turbine facility, the trend is heat recovery $ turbine areas $ yard areas . control room $ upwind.
The real-time instruments used to indicate PM 1 include particles up to 1000 nm; therefore, to evaluate the presence of smaller particles detected by the Ptrak, it is useful to compare the Ptrak-measured particle counts to those of the optical particle counter channels that provide particle count concentrations in the 500-to 1000-nm range. Table 3 provides this comparison based on measurements obtained from Sites 1 and 3. These data demonstrate that, for these side-by-side measurements, the Ptrak-measured particle counts are dominated by particles in the size range of 20-500 nm (.99.5% for all groupings and .99.9% for most groupings).
The results of particle surface area by unit volume direct reading measurements for both the alveolar and the tracheobronchial size ranges are presented in Table 4 . At all three plant sites, the surface area per volume values were significantly higher for the alveolar particles than those for the tracheobronchial size ranges, which is an expected observation since the population of suspended particles is dominated by small particles that have a higher surface area to particle volume ratio. To aid in understanding the differences in surface area per volume concentrations at different plant locations, Fig. 2 shows the results of mean particle surface areas per unit volume of air, grouped by general work areas at Plant Site 1. The surface area measurements show a pattern consistent with the particle count concentrations, with the highest concentrations adjacent to the combustion boiler, followed by the fly ash and turbine building areas at the coal-fired power plants. Locations upwind and inside the control room had the lowest particle surface area values.
Analysis of collected particles
Because of the relatively high-particle count concentrations of PM 1 found near the positive pressure boiler at Plant Site 1, the MOUDI impactor was used to collect air samples from the workplace atmosphere at this site. The sample identifications and locations are described below:
1. 01-BSB-AF: collected on Level 8 of 18 levels of the operating positive pressure boiler, 9-10 m away from the exterior skin of the boiler and Gas-fired power plant work areas 187 adjacent to a soot blower where maintenance activities are conducted. This sample was collected for 4 h. 2. 01-BCI-AF: collected adjacent to boiler's coal injector, on Level 4 of the operating positive pressure boiler, 9-10 m away from the exterior skin of the boiler. Workers may conduct certain maintenance and inspection duties in this area. This sample was collected for 4 h. 3. 01-AT-AF: collected on ground level, near the fly-ash truck loading area. There were diesel trucks moving in this area, being loaded with fly ash that is then transferred to a disposal site. Trucks move through the area approximately once every 10-15 min; thus, truck drivers and ash loading workers are routinely present in this area. This location is $90 m away from the operating boilers. This sample was collected for 6 h. 4. 02-BSB-AF: collected at the same location as 01-BSB-AF, described above (adjacent to boiler soot blower). This sample was collected with the upper stages of the MOUDI impactor containing silicon oil-coated aluminum sheets to aid in preventing particle bounce. This sample was collected for 4 h.
Scanning electron micrographs of the filters indicated that there were many particles collected on the final filter that were .100 nm for the first three samples described above (01-BSB-AF, 01-BCI-AF, and 01-AT-AF). The micrographs for these samples are shown in Fig. 3a -c. Many particles collected on the after filter are .100 nm. Some approached a size of $5000 nm (5 lm). The manufacturer of the MOUDI impactor, MSP Corporation, reported that it is possible that larger dry particles that would have been expected to be trapped on the upper stages of the impactor may have bounced off of the upperstage collection surfaces, resulting in a cascading effect that would cause larger particles to travel to lower stages within the impactor (Duzby et al., 1976) . Sample 02-BSB-AF, in which oil-coated aluminum sheets were used on the upper stages of the Table 3 . Comparison of particle count sizes, 20-1000 nm (taken with UFP counter) to 500-1000 nm (taken with optical particle counter). impactor, contained fewer, but still some, particles .100 nm (Fig. 4a-c) . In these figures, the particles are clearly dominated by round spheres, which are consistent with vitrified mineral material that contains CFA (Fisher et al., 1978) . Based on the results from the real-time particle count and particle surface area measurements, it was expected that the particles trapped on the after filters on the MOUDI sampler would be dominated by ,100-nm small particles. On initial examination, some small particles (,100 nm) are evident. Figure 4c shows .1-lmsized spheres with a large number of small particles, including many elongate particles, coating the surfaces of the larger CFA spheres. The smaller particles are in a variety of shapes and sizes, ranging from small spheres that are miniature varieties of the larger spheres, as well as many elongated and irregularly shaped particles. These figures suggest that many of the UFP particles have adhered to the larger particles. This is a significant observation because it would indicate that UFPs may be deposited within the lung at deposition sites consistent with larger particles since they are attached to the surfaces of larger particles. This may also mean that PM 1 and UFP particles that coat the exterior of the PM 10 particles provide an opportunity for direct tissue contact with large numbers of the PM 1 size particles.
Elemental analysis
Elemental analysis of samples collected near the soot blower and coal injector adjacent to the boiler, and the sample collected near the fly-ash processing area, are presented in Table 5 . The elements detected in these samples are typical of CFA from a Southwestern sub-bituminous coal and are largely comprised of oxygen, silicon, aluminum, calcium, iron, and sodium. Other studies have examined the elemental constituents of UFPs from coal combustion and report similar findings for this type of Yard areas 24.6-79.1 7.0-37.7
Upwind 21.9-40.6 5.45-11.9 Fig. 2 . Plant Site 1, mean particle surface area (alveolar and tracheobronchial fractions) by plant location.
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coal (Ramsden and Shibaoka, 1982; Yuanzhi et al., 2005) .
Surface charge
Surface-charge analysis of the after filters from the three locations where air samples were collected at Plant Site 1 are shown in Fig. 5 . The particles present in the final filter air samples collected near the coal injector and the fly-ash processing area had similar surface charge, with slightly more negative charge on the after-filter sample collected near the soot blower. These values are significant, in that they indicate that the particles should have repulsive forces, meaning that it is unlikely that the particles would form agglomerations. This is consistent with what is observed for the larger particles visible in the SEM micrographs, which appear not to be agglomerated but is not consistent with the observation of small particles adhered to the surface of the larger particles. These surface charge measurements are likely more representative of the agglomerated particles in which the fine particles (e.g. PM 0.1 ) are adhered to the surface of the larger particles. The final particles, which are composed of small particles adhered to larger spheres, have significant negative charges that would repel one another and not form larger agglomerations.
DISCUSSION
This study indicates that high concentrations of PM 1 and UFPs are present at work areas associated with fossil fuel-fired power plants, especially at conventional coal-fired facilities with large boiler structures. The small particles are mostly present near the combustion chamber of the boiler structure and both positive pressure and balanced draft boilers leak combustion emissions to which maintenance and operations workers may be exposed. While large commercial coal-fired boilers are operating, a variety of maintenance tasks are conducted, such as servicing soot blowers, inspecting the equipment, and performing other repairs and routine maintenance, causing workers to be in the immediate vicinity of the operating boilers. Lower concentrations of PM 1 and UFPs are present at modern gas-fired turbine facilities, possibly from downwash from exhaust stacks.
Other studies examining PM 1 and UFPs have used similar instrumentation at locations adjacent to busy vehicle freeways in southern California and the Midwest areas of the USA. (Zhu et al., 2002; Reponen et al., 2003) . These studies have shown peak PM 1 particle counts ranging from 10 4 to 2 Â 10 5 p cm which is consistent with the highest concentrations we observed at locations near the boiler structure at the coal-fired facilities. The concentrations of PM 1 and UFPs we measured in control rooms were significantly lower than that measured outside of these areas. The control rooms are located inside turbine buildings, and although these rooms received filtered air through typical HVAC systems, it was surprising to see the apparent degree to which coarse particle filters have on concentrations of small particles. The possible adherence of small particles onto larger particles may also play a role in this observation because large particles are expected to be removed more efficiently by common HVAC pleated filters. This finding suggests that common ventilation system filters are effective at controlling indoor PM 1 and UFP exposures associated with outdoor sources. Our analysis of UFPs was hampered by the difficulty of size separating ,100-nm CFA particles Gas-fired power plant work areas 191 from other larger particles. While the use of oiled aluminum sheets helped prevent particle bounce within the MOUDI impactor, it was not completely effective. Electron microscopy does show that there are a large number of UFPs and most appear to adhere to the surfaces of larger particles. Many UFPs are spheres that appear to be similar to larger CFA particles. Some are elongate particles and some have irregular morphology. Yuanzhi et al. (2005) studied small particles from coal combustion conducted in a laboratory setting, and they found that some of the smallest CFA particles resemble the carbonaceous chains of UFPs that largely make up soot from diesel combustion, although the abundance of these types of particles is not described. They indicate that some of the UFPs are of a different elemental composition as compared to the larger micrometerplus sized particles. Using transmission electron microscopy, Yuanzhi et al. noted that UFP particles are commonly adhered to the surface of larger CFA particles, which the SEM micrographs from our study have confirmed. It is unclear when or where the agglomeration occurs. It is possible that this is occurring as the particles are formed within the combustion areas of the power generation equipment or that the agglomeration occurs as particles move through the combustion system, out the exhaust stack, and into ambient air. Additional research should consider this issue because particle agglomeration will have a direct effect on where the particles are ultimately deposited when inhaled. An examination of CFA particles collected from worker's sputum could provide some insights about the fate of UFPs that are present on larger CFA particles following inhalation.
Particle surface area concentration results at power plants range from $100 to 1000 lm 2 cm -3 for alveolar deposition-sized particles. For comparison, a study of ambient air pollution in central California reports that the values from ambient air for the Fresno Supersite (Watson et al., 2006) are from $50 to 500 lm , or about one-half of the values we observed at the coal-fired plants, and similar to what was observed at the gas-fired turbine plant that was investigated during our study. Particle surface area becomes an important parameter when the surface contains biologically active materials, such as certain metal elements, and crystalline materials such as quartz. Other studies have confirmed that CFA contains crystalline silica (Hicks and Yager, 2006) . Some of the smallest particles that were adhered to the larger fly-ash spheres appeared to be elongated, which have not been reported previously. Additional study on the appropriate techniques of size-selecting suspended ,100-nm sized coal fly particles, coupled with chemical and physical characteristics analysis, would be useful in further understanding the potential health implications of PM 1 and UFPs found at traditional coal-fired power plants. Given the chronic nature of the exposures to workers at these facilities, study of the health of these worker populations may aid in understanding human responses to fine particle exposures from coal combustion.
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